A novel acquisition scheme that utilizes multipaths to improve acquisition performance is proposed for frequencyselective fading channels. The proposed acquisition scheme employs nonconsecutive search with joint triple-cell detection. The performance of the proposed acquisition scheme is analyzed in frequency-selective Rayleigh fading channels, and compared with that of the conventional one. The proposed acquisition scheme is found to significantly outperform the conventional one. The effects of various channel parameters on acquisition performance are also investigated.
I. INTRODUCTION
Direct-sequence spread-spectrum (DS/SS) has attracted considerable interest in commercial applications and has been chosen for next generation mobile radio systems [1][2]. In DYSS systems, code synchronization is important because data demodulation is possible only after synchronization is performed. The code synchronization is usually achieved in two steps: acquisition for coarse alignment and tracking for fine alignment, of which the former is addressed in this paper.
Various acquisition schemes have been investigated for rapid acquisition, which may be classified into either serial search or parallel search. Cells in an uncertainty region are consecutively tested in a serial search, and it is widely employed due to simple implementation. In [3], a serial search scheme has been discussed and mean acquisition time performance has been analyzed in a static channel. The analysis has been extended to frequency-selective Rayleigh fading channels in [4]. In a parallel search, cells are simultaneously tested, and the use of parallel search is desirable in applications where faster acquisition is required at the cost of complexity. The performance of the parallel acquisition scheme is extensively analyzed in static and fading channels [SI- [8] .
In frequency-selective fading channels, there exist a number of resolvable paths. From the viewpoint of acquisition, the existence of multipaths implies that there exist more than one in-phase cells. Despite the existence of multiple in-phase cells, the conventional acquisition schemes analyzed in [3]-[SI have been first developed under the assumption that there exists only one in-phase cell. The effects of multiple in-phase cells on the performance of conventional acquisition schemes are investigated in [4] and [SI. Recently, there have been a few attempts to utilize multipaths for acquisition performance improvement in frequency-selective fading channels. In [9], a conventional serial search scheme with joint twin-cell detection has been proposed to improve serial acquisition Performance. In [IO], the optimal decision rule has been developed to improve parallel acquisition performance.
The objective of this paper is to propose a new serial acquisition scheme which can effectively utilize multipaths to improve acquisition performance in frequency-selective fading channels. In a conventional serial acquisition scheme, cells in an uncertainty region are tested consecutively and the test is . In frequencyselective fading channels, however, there may exist a number of in-phase cells, whose code phase differences are less than the delay spread [4]. To exploit the presence of more than one inphase cells, the use of nonconsecutive search and joint triplecell detection is proposed in this paper. The nonconsecutive search is utilized to decrease the search time by testing cells in a nonconsecutive manner with a step size greater than one chip. The joint triple-cell detection is employed to utilize adjacent cells for a more reliable decision. In this detection scheme, neighboring two cells as well as the cell under the test are utilized to perform a test on a cell.
The performance of the proposed acquisition scheme, which employs a nonconsecutive search with joint triple-cell detection, is analyzed in frequency-selective Rayleigh fading channels. To investigate the effects of the nonconsecutive search only without joint triple-cell detection, an acquisition scheme which employs the nonconsecutive search with conventional cell-bycell detection is also considered. Equations for the probabilities of detection and false alarm are derived for frequency-selective Rayleigh fading channels, and an expression for the mean acquisition time is developed. The mean acquisition time performance of the proposed acquisition scheme is compared with that of the conventional one in various channel environments.
This paper is organized as follows. Section I1 describes the proposed acquisition system. In Section 111, performance analyses of the proposed acquisition schemes are presented. In Section IV, mean acquisition time performances of the proposed and conventional acquisition schemes are evaluated and compared. Finally, conclusions are drawn in Section V.
PROPOSED ACQUISITION SYSTEM A . Acquisition Receiver Structure
The acquisition system proposed in this paper utilizes the presence of more than one resolvable path signals, and is based on a serial search double dwell noncoherent system that has two modes of operation, i.e. search mode and verification mode, as shown in Figure I . In both modes, it is assumed that a DS/SS signal is received without data modulation and a noncoherent detector with an active correlator is employed. A decision variable is formed by joint triple-cell detection. In the search mode, the decision variable is compared with a decision threshold. If the decision variable exceeds the decision threshold, the corresponding cell is assumed tentatively to be an in-phase cell (H, cell), and the verification mode is activated. Otherwise, the cell is assumed to be an out-of-phase cell (H,, cell) and a new cell is tested. In the verification mode, the receiver performs a number of tests. If at least B out of A decision variables exceed the threshold, acquisition is declared. Otherwise, the tentative decision is rejected and the acquisition system goes back into the search mode to test a new cell. Before testing a new cell, the code phase is updated by more than one chips, which makes the search procedure be nonconsecutive. Two novel elements of the proposed acquisition system, the nonconsecutive search and joint triple-cell detection, are described in more detail in the following subsections.
B. Nonconsecutive Search
In order to exploit the presence of multiple HI cells, the nonconsecutive search strategy is proposed in this paper. In this search strategy, cells in an uncertainty region are tested in a nonconsecutive manner with a step of L, chips, where L, denotes the number of resolvable paths, and it is assumed to be known to the receiver. The effect of nonconsecutive search is to test cells in a different order from the conventional consecutive search, so that consecutive H I cells are tested nonconsecutively.
The nonconsecutive search can be easily implemented by advancing the phase of a local code generator by L, chips in the code phase update component. The structure of an acquisition receiver employing the nonconsecutive search with joint triplecell detection is depicted in Figure 1 . In this receiver, the code phase update component is different compared with a conventional receiver, where only one chip is updated.
The search procedure and benefits of nonconsecutive search may be described by the circular state diagram in and only one HI cell in each subregion, and thus HI cells are uniformly distributed over the whole uncertainty region. This reduces time required to reach an H I cell from an initial cell, and thus the mean acquisition time may decrease. Another point to be noted is that an additional phase adjustment process of the local code generator is required whenever A\ccl,,+Ac12,,+ . . . 
C. Joint Trble-Cell Detection
In frequency-selective fading channels, the signal power is dispersed into a number of resolvable paths. Therefore, the signal-to-interference ratio (SIR) for each resolvable path decreases with the number of resolvable paths, when the interference power is fixed [ 101. In this case, a decision variable formed by conventional cell-by-cell detection may be unreliable compared to a decision variable where the total signal power is contained in a single path. A simple way to increase reliability may be to increase a correlation interval. In real environments, however, the increase in the correlation interval may degrade acquisition performance due to Doppler spread as well as an increase in dwell time [3] [4]. A joint twin-cell detection scheme has been proposed in [9] , where a decision variable is formed by combining detector outputs corresponding to two successive cells. This may increase reliability without increase in the correlation interval. In [IO], a similar method has been presented, in which detector outputs corresponding to L, successive cells are combined to form a decision variable. These detection schemes may be viewed as attempts to improve reliability by utilizing a path diversity technique.
As an alternative path diversity technique, a joint triple-cell detection scheme is proposed in this paper. In this scheme, a decision variable is formed by combining detector outputs corresponding to three cells: the cell under the test, the previous cell and the next cell. This may provide a diversity gain as well as an increase in the SIR [ 111. This scheme can be extended to a scheme that combines more than three cells. The difference of the joint triple-cell detection from the schemes in [9] and [IO] is that both the previous and next cells are utilized in this scheme, while only the previous cells in [9] and only the next cells in [IO] are utilized. In Figure I , Z, denotes a detector output corresponding to the cell under the test. Z-, and Z, denote detector outputs corresponding to the previous and next cells, respectively. A decision variable 2 is formed by combining these three detector outputs: Z = Z_,+ Z , + 2,.
PERFORMANCE ANALYSIS
In this section, the performance of the acquisition schemes described in Section I1 is analyzed in frequency-selective Rayleigh fading channels.
A . Channel Model
The channel is modeled as a tapped delay line with tap spacing of one chip [lo] . Assuming that fading for each resolvable path is constant over the correlation interval, each tap is multiplied by an independent complex Gaussian random variable. The amplitude and phase of the fading for the eth resolvable path are respectively represented as a( and e,, where a, is a Rayleigh random variable and 0, is a uniform random variable over [0, 2n). The multipath intensity profile (MIP) is assumed to be either uniform or exponentially decaying with the decay rate p. When the total fading power in all of the resolvable paths is normalized to unity, the average fading power in each resolvable path is represented as [ 101 where E[.] denotes the statistical expectation. The number of resolvable paths L, is assumed to be greater than two in order to guarantee independence of decision variables.
B. Probabilities of Detection and False Alarm
The receiver is assumed to be chip-synchronized to the received signal. The code period L is discretized with a step size of one chip, resulting in L cells of the uncertainty region. The probability density function (PDF) of the decision variable Z = Z-,+Zo+Z, can be easily found using the characteristic function Using the cumulative distribution function (CDF) of (4), the probability of a false alarm for a given decision threshold y is calculated as . .
The characteristic functions for the decision variables corresponding to the states (2, 1) and (Lp, Ao-I) in Figure 2 are different from (3), since Z-, corresponds to the last resolvable path in state (2, 1) and 2, to the first resolvable path in state (L,, ALp-I). The effects of these two states are assumed to be negligible since the number of this kind of Ho states is only two, which is generally much less than the total number of H, states. Under this assumption, the characteristic function for any Ho cell is assumed to be as represented in (3) in this paper.
Under an HI cell, the characteristic hnction in (2) can be expressed by the partial fraction expansion, from which the PDF is found as follows depending on the shape of the MIP. The corresponding PDF is expressed as from which the probability of detection at the eth resolvable path for a given threshold yis found as
C. Mean Acquisition Time
In fading channels, the detector outputs in search and verification modes may be correlated. To make the performance analysis be tractable, the effects of this correlation are assumed to be negligible as in [4] and [13]. Under this assumption, the successive decision variables are not correlated for joint triplecell detection as well as cell-by-cell detection, when the joint triple-cell detection is incorporated with nonconsecutive search. This is because there is no overlap between cells which are utilized to form successive decision variables, if L, is greater than two. Hence, the mean acquisition time can be calculated using the flow graph method in [3]. In the circular state diagram in Figure 2 , the branch gains are expressed as
where H,(z) is the gain of the branch connecting any of two successive nodes (e, m ) and (e, m + 1) for m = I, 2, . . ., Ar -1 and e = I, 2,. . ., L,. H,,(z) and H&) are respectively the gain of the branch connecting the nodes (E, AJ and the ACQ, and that of the branch connecting (e, A() and (((e + l)), 1). In (12)-( 14) , T = MT, is defined as the correlation interval or dwell time in the search mode, where T, is the chip duration, and J is the penalty time in chips. The correlation interval in the verification mode is assumed to be 2T. P,,, and PD2, denote the probabilities of detection at the Eth resolvable path in the search and verification modes, respectively. PFI and P, denote the probabilities of a false alarm in the search and verification modes, respectively. These probabilities can be calculated using (5), (8) 
IV. PERFORMANCE EVALUATION
In this section, the mean acquisition time performance of the proposed acquisition scheme, referred to as nonconsecutive search with joint triple-cell detection (NCS-TC), is evaluated and compared with that of the conventional one. The acquisition scheme employing nonconsecutive search with cell-by-cell detection (NCS-CC) is also considered. Equations (1 5), (16) and (23) By comparing the performance of NCS-CC with that of the conventional one, the performance improvement through the use of nonconsecutive search is found to increase with the SIR. This may be explained using a performance improvement factor which is defined as the ratio of the mean acquisition time of the conventional scheme to that of NCS-CC. The maximum achievable value of this ratio is about Lp as shown in Figures 3 . and 4, and this may be achieved when the SIR is sufficiently high so that there are no false alarms or miss-detections. At a low SIR, a number of miss-detections and false alarms may occur. Thus, H I cells may be repeatedly missed such that cells in an uncertainty region are tested several times on the average to complete acquisition. In this case, the benefits of nonconsecutive search decrease since the time required to reach the first H I cell from an initial cell becomes negligible compared to the total acquisition time. At low SIR values, the ratio converges to 1, and thus the performances of two schemes become indistinguishable. The mean acquisition time for an exponentially decaying MIP with ,U= 1 is depicted in Figures 5 and 6 , when Lp = 5 and Lp = 10, respectively. The proposed schemes are observed to outperform the conventional one as in the case of uniform MIP. Comparing Figures 3 and 5 , the performance improvement is found to be greater for a uniform MIP than for an exponentially decaying MIP with , n = 1. This can also be observed from Figures 4 and 6.
The performance improvement due to joint triple-cell detection is examined by comparing the performances of NCS-CC and NCS-TC. From Figures 3-6 , the use of joint triple-cell detection is found to provide substantial performance improvement for both uniform MIP and an exponentially decaying MIP withp= 1, especially in a low SIR range. This indicates that the 
V. CONCLUSIONS
In this paper, an acquisition scheme that effectively utilizes multipaths is proposed in frequency-selective fading channels. This scheme utilizes nonconsecutive search with joint triple-cell detection. Mean acquisition time performance is analyzed in frequency-selective Rayleigh fading channels. It is found that the proposed acquisition scheme significantly outperforms the conventional one. The mipimum mean acquisition time, which can be achieved at high SIRS, is shown to decrease with the number of resolvable paths by employing nonconsecutive search. At a low SIR, the proposed acquisition scheme is also shown to provide a significant performance improvement due to combining gain provided by the joint triple-cell detection. 
